differences across the speciation continuum and instead support the idea that divergence both 48 within and outside of genomic islands is important during the speciation process. 49 INTRODUCTION 6 linked/neutral loci diverge (Charlesworth 2006 ). This expectation is yet to be tested 116 empirically. 117 A more nuanced understanding of how genome-wide divergence develops from the 118 heterogeneous genomic landscape, and the dynamics of genomic islands of divergence and 119 genomic valleys of similarity, requires simultaneous consideration of the stage along the 120 speciation continuum and the gene flow context of divergence for systems that have well 121 characterised population histories. Members of the silvereye subspecies complex (Zosterops 122 lateralis) of Australia and southwest Pacific islands offer an exceptional opportunity to explore 123 patterns of divergence across different timescales and gene flow contexts. The species has 124 repeatedly colonised islands in the region since its origin on the Australian mainland (Mees 125 1969) across timeframes from hundreds of years to hundreds of thousands of years. This 126 provides a spectrum of divergence timeframes that can be used as a proxy for the speciation 127 continuum, capturing incipient phenotypic divergence through to highly divergent subspecies 128 on the islands of Grande Terre (Z. l. griseonotus) and Lifou (Z. l. melanops) diverged in the 181 past few hundred-thousand years (Black 2010) . Given the silvereye's ability to cross water 182 boundaries and the geographic proximity of these islands (200km apart), this comparison is 183 characterised as Late Stage -Gene Flow. 184
Vanuatu vs. Lord Howe Island: Based on mtDNA phylogenetic analyses, Z. l. 185 tephropleurus on Lord Howe Island and Z. l. vatensis from Southern Vanuatu are thought to 186 have diverged in the past few hundred-thousand years (Black 2010) . Given the geographic 187 isolation of Lord Howe Island, this comparison is characterised as Late Stage -No Gene Flow. 188
Sampling locations and collection dates are provided in Table 1 . To provide large 189 enough sample sizes for analysis, French Polynesian and Vanuatu populations included 190 samples taken from multiple islands (3 and 4 respectively). This is justified based on population 191 genetic clustering of these island populations (Supplementary Figure S1 and Figure S2 ). All 192 birds were caught using mist nets or traps and 20-40 μl of blood collected from the brachial 193 wing vein was stored in ~0.5 ml of lysis buffer (0.01M Tris-HCl; 0.01M NaCl; 0.01M EDTA; 194 1% n-lauroylsarcosine, pH 8.0) (Seutin et al. 1991) . 195
RAD-PE sequencing and bioinformatics 196
Restriction-site associated DNA paired-end (RAD-PE) sequencing was used to assess 197 the genomic landscape of divergence among silvereye populations. This reduced representation 198 sequencing method has the potential to identify many hundreds of thousands of single 199 nucleotide polymorphisms (SNPs) distributed throughout the genome (Davey and Blaxter 200 2010). Genomic DNA in blood samples was extracted from between 20 and 24 individuals per 201 population (or set of populations in the case of Vanuatu and French Polynesia) (n = 192) using 202
Population genomic analyses 244
We assessed the shift from localised divergence at few loci towards more genome-wide 245 levels of divergence by comparing the third moment (skewness) of FST distributions between 246 population comparisons. In line with expectations outlined in Figure 1 , skewness provides a 247 useful metric to describe a population comparisons' stage of transition from localised (highly 248 skewed distributions) to more genome-wide levels of divergence (less skewed distributions). 249
We tested for significant differences in the skew of empirical distributions using a 250 randomisation test, in which we compared absolute differences in skew for observed 251 distributions to absolute differences calculated for 10,000 randomised distributions. 252 R scripts, based on those used in Van Doren et al. (2017) , were used to identify highly 253 diverged regions (genomic islands of divergence) and regions of low divergence (genomic 254 valleys of similarity) occurring across the genomic landscapes of the diverging populations. 255
First, for each population comparison, a kernel-based smoothing algorithm was applied to FST 256 values calculated across the genome in 50kb non-overlapping windows, and the smoothed line 257 compared to 5,000 smoothed lines obtained after permuting the order of the windows (see 258 Ruegg et al. (2014) ). We used a window size of 50kb for genomic island and genomic valley 259 detection because it provided a sufficiently fine resolution across the genome while containing 260 on average 1,093 sites per window. Further, windows containing <10 sites were removed prior 261 to conducting analysis. Genomic islands were identified as any location where the observed 262 smoothed line was greater than the most extreme value from the permutation distribution (see 263 Van Doren et al. (2017) ). In contrast, genomic valleys were identified as any region where the 264 observed smoothed line was lower than the lowest value of the permuted distribution. Adjacent 265 outlier windows considered in the same genomic island or genomic valley were merged into 266 larger divergent regions. For each genomic island and genomic valley, we calculated mean FST 267 and dxy. Wilcoxon signed-rank tests were used to determine if dxy within genomic islands and 268 genomic valleys differed significantly from chromosomal background levels. To assess the 269 effect of time and gene flow on the development of patterns of heterogeneity the number and 270 size of identified genomic islands and valleys were compared across timescales and gene flow 271 contexts using Kruskal-Wallis tests. 272
Identifying outlier SNPs under selection 273
To identify genomic regions that may be under selection, we scanned for outlier loci 274 using PCAdapt, a principal components-based method of outlier detection with a low rate of 275 11 false-positive detection (Luu et al. 2017) . PCAdapt requires selection of K principal 276 components, based on inspection of a scree plot, in which K is the number of PCs with 277 eigenvalues that depart from a straight line. PCAdapt then computes a test statistic based on 278
Mahalanobis distance and controls for inflation of test statistics and false discovery rate (FDR). 279
Outlier SNPs were identified using the following settings for all population comparisons: K = 280 2, MinMAF= 0.2, and FDR = 0.001. 281
Candidate gene analysis 282
To determine if genomic islands of divergence occurred around genes known to be 283 associated with body and beak size differences in birds, we compiled a list of candidate genes 284 based upon a literature review of gene expression and association studies. The resulting 285 candidate gene list was restricted to only those genes where (1) locations within the zebra finch 286 genome are known; and (2) genes were mapped to directly by SNPs sequenced as part of this 287 study or genes were located within the 50kb windows used when summarising divergence 288 statistics. Positions of candidate genes were then compared to the position of identified 289 genomic islands of divergence. The position of candidate genes was also compared to the 290 position of outlier SNPs. Genes were determined to fall within genomic islands, if island 291 bounds (start and end positions) overlapped gene start and end positions (this includes 5' UTRs 292 and introns). Likewise, outlier SNPs were determined as within candidate genes if they fell 293 within the gene start/end positions. 294
Simulations of divergence 295
We performed individual-based simulations where genomic divergence could only 296 occur via neutral processes and compared model predictions with empirically observed 297 genomic patterns. The simulations consequently provide a neutral model. If such a model can 298 generate patterns observed in nature, then it is not necessary to invoke selection as the 299 underlying driver of observed patterns. In other words, the simulation modelling allowed us to 300 address whether the transition from localised to more genome-wide divergence could be 301 explained by drift alone, and also allowed us to explore the fine scale effects of gene flow and 302 recombination by simulating divergence under various levels of gene flow and recombination 303 (both of which were not possible with empirical comparisons alone). 304
Each simulation considered two populations diverging with or without gene flow. Each 305 population started with individuals with randomly drawn genotypes across 8,317 biallelic 12 the distribution of all observed genotyped birds at each SNP. Individuals were then assigned a 308 sex assuming a 50% sex ratio and assigned to a population to produce two populations, each 309 with an initial population size of 400 individuals (similar to the Heron Island breeding 310 population size (Kikkawa and Wilson 1983) ). 311
Each population was iterated forward on a per-generation time step. At each generation 312 in the simulation, individuals were assigned a number of offspring independent of genotype. 313
Fitness (the number of offspring) was determined by randomly drawing from a Poisson 314 distribution with a mean that varied with population density. We thus defined mean population 315 fitness as the average number of offspring produced. We included density-dependence in this 316 function to avoid exponential growth. The density dependence kept the population within Of the 192 samples sequenced, 150 were retained after removing individuals where ≥30% of 347 data was missing. The number of individuals retained per location ranged from 16 to 21 (Table  348 1). 349
Overall levels of divergence 350
Mean Figure 3B ). The accumulation of genome-371 wide divergence over longer divergence timeframes is clearly visible in Figure 4A . When 372 matched for divergence timeframe, the FST distributions of populations diverging under the 373 influence of gene flow showed higher levels of skew (more localised divergence) than 374 populations diverging in the absence of gene flow. Although not all pairwise differences were 375 significant, recently diverging populations had significantly higher skew for autosomes than 376 late stage diverging populations ( Table 2) . When treating each autosomal chromosome as an 377 independent unit, more chromosomes showed significantly reduced FST distributional skew 378 than increased skew when diverging under gene flow, during both early and late stage 379 divergence (Table S2) . 380
Like autosomes, chromosome Z showed a clear trend towards decreasing skew ( Figure  381 3B), with divergence visually increasing over longer timeframes ( Figure 4A ). As was the case 382 for autosomes, the FST distribution for Vanuatu vs. Lord Howe Island (late stage -no gene 383 flow) was the least skewed, meaning that divergence was more widespread across the Z 384 chromosome. However, this difference in skew was only significant when compared to the 385 South Island vs. Chatham Island comparison (P <0.001, Table 2 ). 386 Figure 4A ). The number of 391 genomic islands identified did not differ when compared across different gene flow scenarios 392 or across different divergence timeframes. Similarly, genomic island sizealthough variable 393 (mean size ranged from 110 kb to 1,490 kb, see Table 3 and Figure 5 )did not differ 394 significantly across different gene flow contexts (Kruskal-Wallis: : χ 1 2 = 0.099, P = 0.753) or 395 divergence timescales (Kruskal-Wallis: : χ 2 2 = 0.176, P = 0.916). We identified four regions of 396 the genome in which genomic islands of divergence occurred at the same location in two or 397 more population comparisons. The size of genomic islands at shared locations is reported in 398 Table 4 . In most instances, absolute divergence (dxy) within individual genomic islands was 399 not significantly different from background chromosomal levels. However, genomic islands 400 with significantly elevated dxy were identified in small numbers, as were genomic islands with 401 below background level dxy ( Figure 4A ). 402
Dynamics of genomic islands of divergence and valleys of similarity
Genomic valleys were identified in all diverging population comparisons ( Figure 4A ). size, was highly variable ( Figure 5 ). Genomic valley size differed significantly when compared 406 across divergence timeframes (Kruskal-Wallis: χ 2 2 = 7.499, P = 0.024) but not gene flow 407 scenarios (Kruskal-Wallis: χ 1 2 = 1.722, P = 0.190)). We identified four regions of the genome 408 in which a genomic valley occurred across multiple population comparisons (Table 4 ). In most 409 instances, absolute divergence (dxy) within individual genomic valleys was not significantly 410 different from background chromosomal levels. However, genomic valleys with significantly 411 decreased dxy were identified in small numbers ( Figure 4A ). Genomic valleys with significantly 412 elevated dxy were not identified. 413
Correspondence of genomic islands and valleys to the position of outlier SNPs 414
PCAdapt identified 1 to 330 outlier SNPs in each population comparison ( (Table 5 and Figure 6 ). 419
Candidate gene analysis 420
A review of the literature identified 22 candidate genes associated with body and/or beak size 421 differences in birds, for which we had sequence data or occurred within the 50kb windows 422 used when summarising divergence statistics (Table 6 ). Of these, four (BMPR1A, COL4A5, 423 ITPR2 and VPS13B) contained outlier SNPs in at least one population comparison. For the late 424 stageno gene flow comparison (Vanuatu vs. Lord Howe Island) the genomic island located 425 on chromosome 4A contained BMPR1A. 426
Simulations of neutral divergence 427
Simulations of neutral divergence, using an individual based model, were able to capture the 428 transition from localised to more genome-wide levels of divergence, in which FST distributions 429 were characterised by low values of FST during the early stages of divergence, shifting towards 430
higher FST values over longer divergence timeframes ( Figure 7 ). However, differences in 431 distributional skew between simulations at different timescales were not all significant (Table  432   7 ). Simulating divergence under various levels of gene flow (m = 0, m = 0.0001, m = 0.001, m 433 = 0.01) showed that the accumulation of divergence slowed under increasing levels of gene 434 flow ( Figure 8 ). 435 436 divergence timescales are known a priori, to reveal key insights into how divergence 439 accumulates at the genomic level. Our results provide an empirical characterisation of the 440 change in the distribution of genomic divergence using a proxy for the speciation continuum. 441
The pattern of decreasing skew in the distribution of genomic divergence is consistent with the 442 intuitive explanation of how heterogeneity originates, and divergence accumulates, i.e. 443 divergence at a small number of selected loci followed by divergence hitchhiking. However 444 closer inspection of the genomic landscape provides equivocal support for this particular 445 mechanism. Genomic islands were rarely associated with SNPs putatively under selection and 446 genomic islands did not widen as expected under the divergence hitchhiking model of 447 speciation. Genomic valleys of similarity were also a common feature of the heterogeneous 448 genomic landscape, but we did not find clear evidence to attribute these to selective processes. 449 Furthermore, by simulating divergence under a neutral model we were able to capture the 450 transition from localised to more genome-wide levels of divergence. The transition from 451 localised divergence (highly skewed distribution) to more genome-wide levels of divergence 452 (a more even distribution of genetic differentiation) therefore appears to occur largely outside 453 of the context of genomic islands and is not dependent of selection, raising questions about the 454 divergence hitchhiking model of speciation, where divergence is initiated through selection of 455 a small number of genes (presumably of large effect), genomic islands form around them, and 456 divergence hitchhiking completes genome-wide divergence. 457
The accumulation of divergence across the genome 458
Our results demonstrate how divergence accumulates across the genome as populations 459 move along the speciation continuum. Zosterops lateralis populations at the earliest stages of On the whole however, the observed distributions of genomic differences across the 471 genome fit with expectations for how genomic divergence accumulates across the speciation 472 continuum (Nosil and Feder, 2012; Seehausen et al., 2014) . However, our simulations 473 demonstrated that the shift from localised to more genome-wide levels of divergence could be 474 achieved assuming a neutral model of molecular evolution. This finding was robust to varying 475 levels of recombination, which is interesting given the emphasis on linkage disequilibrium in 476 driving localised and ultimately genome-wide divergence (Seehausen et al., 2014) . One 477 important difference, however, was that our simulations suggest that the transition from 478 localised to more genome-wide levels of divergence occurs at a faster rate than is observed 479 empirically -under allopatry and low-level gene flow FST approached fixation by 2,000 480
generations. This suggests that some other mechanism, such as frequency-dependent selection, 481 may be maintaining genetic variation at individual SNPs. 482
When matched for divergence timeframe, the pace at which divergence accumulated 483 across the genome was moderated by gene flow. This was manifested as higher distributional 484 skew of autosomal FST values for silvereye populations diverging under gene flow compared 485 to populations diverging in isolation. Martin et al. (2013) found that genomic divergence was 486 more widespread for races and species of Heliconius butterflies diverging in geographic 487 allopatry than for those diverging in parapatry and sympatry, suggesting an underlying role for 488 gene flow in slowing the accumulation of genomic divergence. We provide a further empirical 489 characterisation of this difference in the accumulation of genomic divergence. This moderating 490 effect of gene flow was also apparent when simulating divergence. 491
Given that the silvereye population in French Polynesia was the product of a human 492 introduction and therefore likely had lower effective founder size than natural colonisations 493 involving large expanding populations of silvereyes, we cannot rule out that the more wide- Associating average genomic island size with divergence time may be too coarse an 530 approach, and comparisons of genomic islands at specific genomic locations may be a better 531 method to understand how time and gene flow shape growth of genomic islands. In our case, 532 only four genomic islands were located at overlapping genomic positions across population 533 comparison. Of the three that occurred across different timeframes, two were largest in the late 534 19 stage comparison and the other smallest. Whole genome analysis would likely provide more 535 shared genomic islands to allow statistical comparisons, but currently we have equivocal 536 support for the idea that expansion of genomic islands of divergence at specific locations over 537 time regularly occurs. 538
Contrary to the expectation that genomic islands of divergence contain loci under strong 539 divergent selection (Wu, 2001) , we find that genomic islands regularly occur in regions of the 540 As such, at present we have limited evidence to 588 confirm that genomic valleys frequently arise due to effects of parallel selection. Second, as 589 the number of genomic valleys was found to be stable over time and their size was found to be 590 overall larger in populations diverging over longer timescales, we do not find support that 591 genomic valleys are solely the product of incomplete lineage sorting at neutral loci, as under 592 this mechanism genomic valleys would be expected to become smaller and less numerous as 593 shared ancestral variation breaks down over time (Stölting et al., 2013) .
SNPs with fixed differences. COL4A5 is a type IV collagen gene associated with craniofacial 604 disease in humans (Jonsson et al., 1998) , and more recently associated with bill length in the 605 great tit (Parus major) . ITPR2 plays a key role in metabolism and growth 606 and VPS13B has been associated with bill morphology in Darwin 
